PCR-based diagnostics of genomic DNA and DNA from viruses, microorganisms, or tumor cells are rapidly becoming routine practice in the clinical laboratory. DNA isolation is usually the first step toward detection. Because of expanding numbers of DNA isolation methods, the choice between methods is becoming increasingly difficult. Especially when a low amount of target DNA is present, when only a limited amount of clinical sample is available, or when PCR inhibitors are expected to be present, isolation efficiency, repeatability, and removal of PCR inhibitors by the isolation method become critical factors, seriously affecting the final outcome of the experiment.
Recently, a real-time quantitative PCR system [ABI Prism TM 7700 Sequence Detection System, Perkin-Elmer Applied Biosystems (PE)] was developed. Quantification is automatically performed in the exponential phase of the PCR reaction, where there is a linear relationship between the log of input target DNA quantity and the number of PCR cycles to reach an arbitrary fluorescence threshold (1, 2) .
The objective of this study was to evaluate this PCR system for standardization of DNA isolation methods. Therefore, we added a known amount of marker DNA copies, close to the detection limit of the PCR, to plasma, which we chose because of recent developments in diagnostic molecular oncology (3, 4) . After isolating the DNA with four different methods, we used the PCR system to determine isolation efficiency and repeatability of each method.
Blood from five healthy donors was collected in 10-mL EDTA tubes. Plasma was pooled and stored at Ϫ80°C. A 12.8-kb plasmid containing a cDNA sequence construct of the bcr-abl gene translocation was used as marker DNA. The plasmid was linearized with a restriction enzyme, cleaned using a QIAquick column (QIAGEN), and quantified using GeneQuant II RNA/DNA calculator (Pharmacia). A 10-fold serial dilution of the marker DNA was prepared in 10 mmol/L Tris-HCl, pH 8.5, containing 10 -10 5 copies of marker per microliter. The marker was amplified with primers A24 (5Ј-AAAGGTTGGGGTCATTTTCAC-3Ј) and BA5 [5Ј-CGGGAGCAGCAGAAGAAGTGT-3Ј (316-bp fragment)]. We used bcr-abl [5Ј-(TET)TCAGCGGCCAG-TAGCATCTGACTT(TAMRA)p-3Ј, where p indicates phosphorylation] as probe. Each 50-L amplification reaction contained 5 L of sample, 5 L of 10ϫ TaqMan buffer A (TaqMan PCR Reagent Kit, PE), 250 mol/L each dNTP, 1.25 U of AmpliTaq Gold DNA polymerase (PE), 6 mmol/L MgCl 2 , 15 pmol of each primer, and 12.5 pmol of probe. MicroAmp optical tubes and caps (PE) were used to prevent light scattering or reflection. PCR cycling conditions were as follows: 10 min at 95°C, followed by 50 two-step cycles of 95°C for 30 s, and 60°C for 90 s. Emission spectra of all tubes were collected every cycle in the last 60 s of the primer annealing/elongation step. The system was directly linked to a Power Macintosh 7200/ 120 (Apple Computer) containing software to program cycling conditions and analyze data. The number of PCR cycles to reach the fluorescence (⌬Rn) threshold value is the cycle threshold (Ct) and is presented by the computer. The Ct value for each sample is proportional to the log of the initial amount of target DNA copies (5) .
Because of the limited capacity of the thermal cycler, isolation experiments were performed on 2 consecutive days. To eliminate between-day variations in master mixture preparation, one master mixture was prepared for both days, which was possible because AmpliTaq Gold DNA polymerase is inactive without activation for 10 min at 95°C. A calibration curve was constructed on both days by amplification of a duplicate 10-fold dilution series of marker DNA (50 -500 000 copies). Within-run and between-day differences of the PCR system were measured by adding 1250 copies of marker DNA to sufficient PCR master mixture for 25 reactions each day Clinical Chemistry 44, No. 10, 1998 (50 copies per PCR tube; Fig. 1 , system). In two pilot studies of the characteristics of four DNA isolation methods, we observed that after applying the QIAamp blood kit (QIAGEN) no marker copies could be detected. This method was therefore omitted from the experimental design. For the other three DNA isolation methods, 25 000 copies of marker DNA were added to 25 mL of freshly thawed pooled plasma each day. The plasma was then divided into 50 reaction tubes (500 L each, containing 500 marker copies), which were used in 25 replicate DNA isolations by each method. Five microliters of each sample (10%, representing a maximum of 50 copies) was used for PCR ( Fig. 1, method) . Control samples were used for every DNA isolation method to determine the individual contribution of loss of marker and presence of PCR inhibitors/enhancers in the sample after isolation (Fig. 1, control) .
Four DNA isolation methods were used initially. Isolated DNA was always dissolved in or eluted with 50 L of 10 mmol/L Tris-HCl (pH 8.5).
In the PureGene DNA isolation kit (Gentra Systems) method, DNA was isolated as described previously (6); 60 g of glycogen was added after the protein digestion to facilitate DNA precipitation instead of poly[A] DNA.
In the PureGene DNA isolation kit ϩ QIAquick column method, after PureGene DNA isolation, samples were further purified according to the "PCR purification protocol" provided with the QIAquick columns.
In the phenol-chloroform DNA extraction method, after overnight incubation at 55°C with 100 L of protein digestion buffer (600 mmol/L NaCl, 60 mmol/L Tris-HCl, pH 8.0, 120 mmol/L EDTA, 30 g/L sodium dodecyl sulfate, 200 g of proteinase K), samples were extracted twice with 600 L of phenol-chloroform-isoamyl alcohol (25:24:1, by volume), and DNA was precipitated with 1/10 volume of 3 mol/L sodium acetate and 1 volume of isopropanol. The DNA pellet was washed with 700 mL/L ethanol and dried.
In the QIAamp blood kit method, 500 L of AL buffer (provided in kit), 15 L of proteinase K (20 g/L), and 3 L of poly[A] DNA was added to the plasma samples. After overnight incubation at 55°C, purification was performed according to the "blood and body fluid protocol" provided with the kit.
For all statistical analyses, the mean Ct values of each method were used to homogenize the variances. Because Ct values are proportionally related to the log of the copy number of marker, transformations were performed using a calibration curve. The calibration curves constructed on both days did not differ significantly (P Ͻ0.05) from each other, neither in slope nor in intercept (data not shown). The calibration curve of day 1 was therefore used to obtain point estimates for the median copy number of marker from corresponding mean Ct values (Ct ϭ Ϫ3.444 ϫ log[marker copies] ϩ 38.510). In addition, mean Ct values of the system with corresponding standard deviations (presented in Table 1 as median copy number of marker with mean relative variance) did not differ significantly between days ( Table 1 ). The median copy number of marker for the system is not exactly 50 copies because of the inaccuracy of the calibration curve. Because of the high repeatability of the system, we were able to compare the characteristics of isolation methods performed on 2 days.
Power analyses showed (using data of pilot studies) that at least 20 measurements were needed to obtain a power of 90% for detecting statistically significant differences when the ratio of the repeatability standard deviations equals two (␣ ϭ 0.05). Differences in the mean Ct values between two methods were tested for statistical significance using the t-test in case of equal variances and the Welch test in case of unequal variances and are presented in Table 1 as median marker copies after back transformation. Differences between standard deviations of the Ct measurements of two methods were tested for statistical significance using the Bartlett test (7) and are presented as mean relative variance values. Differences in Ct values between method and control and between system and control, representing loss and inhibition, respectively ( Fig. 1) , were tested using the Welch test and are presented as relative loss and relative inhibition values of the median copy number of marker (Table 1 ).
Significant differences in the performance (isolation efficiency and repeatability) were found between methods. Moreover, information was obtained about the contribution of copy number loss and PCR inhibitors or enhancers to this performance (Table 1) . When the median copy number of marker of the system (day 2) is used as denominator, isolation efficiencies were 70% [95% confidence interval (CI), 60 -83%], 34% (95% CI, 32-36%) and 51% (95% CI, 45-60%) for the PureGene, PureGene ϩ QIAquick, and phenol-chloroform methods, respectively; all methods were significantly different from each other as well as significantly different from the system. Precision (mean relative variance) of the PureGene ϩ QIAquick method (0.274) was similar to that of the system and significantly lower than that of the PureGene and phenolchloroform methods. Relative losses of marker DNA copies were 35%, 38%, and 66% for the PureGene, Pure-Gene ϩ QIAquick, and phenol-chloroform methods, respectively. For the PureGene and especially the phenol- chloroform methods, this loss was partially compensated by the presence of PCR enhancers (Ϫ10% and Ϫ52% inhibition, respectively). Although the PureGene method has the highest isolation efficiency, it has a relatively poor precision. Use of a QIAquick column after PureGene isolation markedly decreased the isolation efficiency (from 70% to 34%); however, it simultaneously increased the precision to a value equal to that of the system. Because there was not much additional relative loss when the QIAquick column was used (35% vs 38%), this suggests that the column removes variable amounts of PCR inhibitors/enhancers still present in the sample after PureGene DNA isolation, although the number of control samples should be enlarged to confirm this statistically. At the same time, a constant amount of PCR inhibitors is introduced, probably by one of the buffers in the QIAquick kit. An extra column washing step or the use of another column washing buffer may eliminate these PCR inhibitors and could make this method very robust. The additional use of a column can be especially advantageous when using plasma samples of patients, which will probably contain more diverse amounts of PCR inhibitors or enhancers than the pooled plasma of healthy donors used in this study.
The QIAamp method had very poor isolation efficiency in our pilot studies when only few copies of marker DNA were present, consistent with other studies (8, 9) . Al-though our results for plasma appeared to conflict with a study performed by Dixon et al. (10) , where the QIAamp method was their first choice of 13 tested DNA isolation methods from patient sera (considering DNA isolation from serum equal to plasma), both studies cannot be compared because genomic DNA copy numbers in sera from cancer patients are expected to be much higher than the copy number of marker used in our study (11, 12) . Moreover, in their study ϳ50% of the sera that were "PCR negative" after the QIAamp method could be PCR amplified after application of another DNA isolation method. This indicates that efforts to improve isolation efficiency (loss, removal of inhibitors) using other DNA isolation methods may still be successful, especially when dealing with low copy numbers of target DNA.
With this in-depth analysis of several DNA isolation methods, we try to emphasize that a well-considered choice is very important for standardization of PCR-based diagnostics when only a limited amount of target DNA may be present in a clinical sample. In conclusion, because of its high repeatability, its closed tube system, which reduces PCR product contamination and assay time, and the ability to gain information about the performance of DNA isolation methods, real-time quantitative PCR performed by the ABI Prism 7700 Sequence Detection System will provide a major step toward standardization in PCR-based diagnostics. We thank G. Grosveld (St. Jude's children's Research Hospital, Memphis, Tennessee) for providing the marker plasmid and L. van de Locht (Department of Hematology, University Hospital Nijmegen) for assistance and constructive suggestions using the ABI Prism.
